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Abstract 

Superc r i t i ca l  water  e x t r a c t i o m  were performed on low-rank coals u t i l i z i n g  a 
semiconti nuous s u p e r c r i t i c a l  so l  vent e x t r a c t i o n  system. Percent conversions ranged 
fran 40% t o  5oX wh i le  ex t rac t  y ie lds  ranged f r a n  10% t o  30% a t  38OOC. The 
conversions and ex t rac t  yi el ds i ncreased w i t h  i ncreasi ng operat i  ng temperature and 
pressure. The conversions also decreased w i t h  i nc reas ing  coal rank and co r re la ted  
we l l  with t h e  percent v o l a t i l e  mat ter  i n  t h e  coals. 

Organic analyses o f  t h e  r e s u l t i n g  e x t r a c t s  have inc luded separations i n t o  
pentane, methylene c h l o r i d e  and methanol so lub le  f r a c t i o n s  by s h o r t  column 
chranatography, 200 MHz pro ton  NMR, I R  spectroscopy and c a p i l l a r y  gas 
chromatography. Proximate and u l t ima te  analyses i ndicated t h a t  supercr i  t i c a l  water 
ex t rac ts  the  v o l a t i l e ,  hydrogen-rich f r a c t i o n  of t h e  coal. Organic analyses show 
t h a t  t h e  ex t rac t  i s  h i g h l y  po la r  i n  nature w i t h  s i g n i f i c a n t  q u a n t i t i e s  of phenols 
and long-chain a l i p h a t i c  f a t t y  acids. 

I n t roduc t i on  

I n t e r e s t  i n  t h e  e x t r a c t i o n  of solutes w i t h  s u p e r c r i t i c a l  so l ven ts  has been 
increas ing r a p i d l y  over t h e  past f i f t e e n  years. This i n t e r e s t  i s  p r i m a r i l y  due t o  
t h e  enhanced s o l u b i l i t y  of substrates i n  t h e  f l u i d  phase t h a t  occurs a t  o r  above t h e  
c r i t i c a l  po int .  It has on ly  been i n  t h e  l a s t  f e w  years t h a t  cons iderable research 
has addressed t h e  use of s u p e r c r i t i c a l  water  as a so lvent  sui t a b l e  f o r  ob ta in ing  
h igh  y i e l d s  of env i ronmenta l ly  acceptable f u e l s  and chemical feedstocks fran coal  
(1, 2, 3 ) .  Under ambient condi t ions,  organics and water are genera l ly  immiscible. 
However, as water approaches i t s  c r i t i c a l  po in t ,  t h e  s o l u b i l i t y  of organics i n  water 
increases d r a s t i c a l l y  (4, 5 )  wh i l e  t h e  s o l u b i l i t y  of inorganics i n  water 
substanti  a l l y  decreases (6). These s o l u b i l i t y  changes c o n t r i b u t e  t o  t h e  potent i  a1 
o f  s u p e r c r i t i c a l  water  t o  ob ta in  h igh y ie lds  of r e l a t i v e l y  ash-free hydrocarbons 
fran coal .  In addi t ion,  o ther  i n v e s t i g a t i o n s  have shown t h e  p o t e n t i a l  f o r  
increas ing supercri  t i c a l  water  yi e l &  even f u r t h e r  through t h e  a d d  t i o n  of a 
reducing agent such as CO o r  H2S t o  t h e  s u p e r c r i t i c a l  water system (7,  8, 9). 

The ob jec t i ve  of t h i s  research was t o  i n v e s t i g a t e  t h e  use of water as a cheap 
s u p e r c r i t i c a l  e x t r a c t i o n  so lvent  f o r  o b t a i n i n g  env i ronmenta l ly  acceptable l i q u i d  
f u e l s  and chemical feedstocks f r a n  coal and attempt t o  use s u p e r c r i t i c a l  so lvent  
ex t rac t i on  as a means f o r  detennini ng t h e  composit ion o f  various molecular f r a c t i o n s  
present i n  low-rank coals. 

Experimental Procedure 

Supercri t i c a l  water  e x t r a c t i o m  were performed us ing a semicontinuous e x t r a c t i o n  
system i n  vhich deionized water under s u p e r c r i t i c a l  condi t ions was passed through a 
f i x e d  bed of coal. The coals used i n  t h i s  experiments inc luded t h e  I n d i a n  Head, 
Center, and Mar t i n  Lake l i g n i t e s  along w i t h  Sarpy Creek and Wyodak subb i tum inws  
coals. Proximate and u l t i m a t e  analyses f o r  these coals a r e  shown i n  Table I. k 
shown i n  Table I ,  t h e r e  was a d i f f e rence  between t h e  beginning ard ending samples of 
t h e  Ind ian Head l i g n i t e  used i n  these experiments. F igure 1 i s  a f lowsheet  of t he  
s u p e r c r i t i c a l  so lvent  e x t r a c t i o n  system as i t  was used f o r  most of t h e  s u p e r c r i t i c a l  
water experiments. I n  t h i s  s y s t q ,  a f i x e d  bed of coal was detained by s in te red  
metal f r i t s  i n  a hor izonta l  sect ion of h igh  pressure t u b i  ng. 
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I I 

oven was used t o  heat the solvent and extraction vessel t o  temperature a t  20°C/min., 
a f t e r  which a pulseless flow of solvent was s ta r ted  through the  system. The 
extracted organics and solvent then passed through a back pressure regulator where 
the precipitated extract was collected i n  a heated sample cylinder while t h e  
vaporous solvent and l igh t  gases were collected i n  chilled sample vessels. The 
volume of noncondensable product gas was measured and collected for  analysis. 

Analytical Procedure 

After each experiment, any water remaining i n  the  extract sample cylinder was 
f i l t e r ed  fran the  solid extract and selected samples of the  recovered water solvent 
were analyzed by gas chraatography f o r  t h e i r  concentrations of water soluble 
organics. The solid extract  was washed f ran  the  sample cylinder w i t h  acetone and 
the extracted coal residue and solvent-extract mixture were then rotary vacuum 
dis t i l l ed  t o  remove the solvent. This procedure allowed a re la t ive ly  moisture-free 
product to  be obtained f o r  material balance purposes. Residues were analyzed by 
thermogravimetric analysis (TGA) and proximate and ultimate analyses were performed 
on selected samples. 

Discussion and R e s u l t s  

The operating condi tions and the corresponding results of these supercri t i ca l  
water extractions are shown i n  Tables I 1  and 111. The effect  of extraction time on 
percent conversions i s  shown i n  Figure 2. T h i s  f igure  indicates tha t  the percent 
conversions increase l inearly w i t h  an increase in  coal residence time u p  t o  
approximately 45 mirutes a f t e r  which the conversions leveled off a t  42% t o  43%. 
A vacuum dried sample (0.65 wt% moisture) was also extracted f o r  60 minutes w i t h  
supercrit ical  water a t  s imi la r  operating conditions and resulted i n  a 33.5% 
conversion. This lower conversion was due t o  a sample s i ze  effect  s ince  drying t h e  
coal resulted i n  a 60% la rger  sanple of maf coal being extracted. A conversion of 
44.Z was obtained for a separate r u n  usi ng a vacuum dried coal a; longer residence 
times which indicated t h a t  no advantage resulted i n  extracting as received" coals 
w i t h  t h e i r  inherent moisture already present i n  t h e  sample's porous s t ruc ture .  
Also, considering tha t  a 33% larger  sample of maf coal was being extracted, the  
s l igh t ly  higher conversions obtained fo r  t he  supercrit ical  water experiment 
performed a t  a flow r a t e  of 240 cc/hr suggests tha t  an increase i n  the  solvent flow 
ra te  increased the  ra te  of extraction. 

The effects of operating tenperature and pressure on the resulting conversions 
was investigated using operati ng temperatures of 38OOC or 44OOC (Tr = 1.01 o r  1.10) 
while t he  operating pressures used were 3265. 4013, o r  4815 psia (Pr = 1.02, 1.25, 
1.50). Results of these experiments are summarized i n  Table 11. Figure 3 i s  a plot  
of the reduced pressure versus the  percent conversion a t  both operating 
temperatures. This figure indicates t h a t  a small increase i n  the  conversions was 
obtained w i t h  a n  increase i n  the operating tenperature. The conversion also 
displayed a larger increase w i t h  increasing pressure u p  t o  4000 psia. Above 4000 
psia, there appeared to  be no effect  on the resulting conversions. This increase i n  
conversions i s  the  resu l t  of a large increase i n  solvent density caused by the  
increased pressure. The increase i n  conversion w i t h  higher tenperature was the 
result  increasing thermal decomposition or reactions of the l i gn i t e  i n  t h i s  
temperature region. The product gas canpositiom and yields appeared t o  be only 
temperature and coal dependent and were not affected to  any large degree by 
operating pressure or solvent flow rate. 

Table 111 shows the  effect  coal rank had on the percent conversion obtained 
using supercrit ical  water a t  38OOC and pressures of e i the r  3265 o r  4013 psia. For 
canparison purposes, supercrit ical  water e%perimentS were also performed on a Red 
Lake Peat and a biomass sample and the  results are also displayed i n  Table 111. 
These results suggest tha t  there is  a high degree of correlation between the percent 
conversions obtained using supercrit ical  water and the  amount of vola t i le  matter 
present in the s ta r t ing  coal. 
Great Britain 's  National Coal Board i n  which percent conversions using supercr i t ica l  
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to luene also co r re la ted  w e l l  w i t h  v o l a t i l e  ma t te r  of t h e  origi nal coal (10). As a 
r e s u l t ,  t h e  conversions decreased w i t h  an increase i n  coal rank. This increase i n  
conversions which occurred i s  t h e  r e s u l t  of t h e  increased concentrat ion of thermal ly  
l a i b l e  car%ohydrate, l ign in  o r  l i gn in -de r i ved  canponents h i c h  e x i s t  i n  t h e  l i g n i t e ,  
peat, and biomass. 

v i  t r a i n ,  durain, 
and fusa in  were performed. Approx inate ly  12 t o  15 gram of each l i t h o t y p e  were 
microscopica l ly  separated. The conversions obtained f o r  t h e  v i t r a i n  and dura in 
f r a c t i o n s  ( r h i c h  make up approximately 50 and 45 w t %  of t h e  o r i g i n a l  I nd ian  Head) 
were found t o  be s i m i l a r  to  those obtained us ing  t h e  o r i g i n a l  I nd ian  Head l i g n i t e  as 
shown i n  Table 111. Table 111 a lso shows t h a t  t h e  conversion of t he  f u s a i n  p o r t i o n  
( ~ 5 %  of t h e  o r i g i n a l  I n d i a n  Head) was s i g n i f i c a n t l y  l e s s  than t h a t  f o r  t h e  o r i g i n a l  
l i g n i t e .  These r e s u l t s  agree wi th  other  repor ted r e s u l t s  i n  r h i c h  vi  t r a i n s  and 
dura i  r6 have been found t o  be h i g h l y  suscep t ib le  t o  l i q u e f a c t i o n ,  ( i  .e., suscept ib le  
t o  thermal cleavage and r e a c t i o n  with hydrogen) M i l e  f u s a i n  has been found t o  
behave as more of an i n e r t  materi  a1 (11). The yi e l &  of water-soluble organics fran 
these l i t ho types  and t h e  o r i g i n a l  l i g n i t e  a r e  shown i n  Table I V .  As shown, t h e  
v i  t r a i n  f r a c t i o n  conta i  ns considerably  more of t he  oxygenated water-so lub le v o l a t i l e  
compounds (i.e., acetone, m t h a n o l .  and phenol) than t h e  o r i g i n a l  I nd ian  Head, whi le  
t h e  du ra in  f r a c t i o n  contains s l i g h t l y  l ess  of these conpounds than the  o r i g i n a l  
l i g n i t e .  The concentrat ions of these compounds i n  t h e  f u s a i n  f r a c t i o n  were very 
smaii  canpared t o  t h a t  OF t h e  o r i g i  nal l i g n i t e .  

Supercri t i c a l  wa te r  ext ract ions of t h e  I n d i a n  Head li thotypes; 

TABLE I V .  Percent Y ie lds  of V o l a t i l e  Canponents Found i n  Recovered Superc r i t i ca l  
Water Sol vent 

Supercri t i c a l  Water Ex t rac t i on  
Ind i  an Indi an Indi an 

Ind ian  Sa rpy He ad He ad tie ad 

Phenol 0.63 0.21 1.14 0.48 0.14 
o-Cresol 0.17 0.06 0.20 0.10 0.05 
m,p-Cresol 0.17 0.13 0.22 0.18 0.05 
Tota l  Phenolics 0.97 0.40 1.56 0.76 0.24 
Methanol 0.80 0.04 1.32 0.22 -_  
Acetone 0.91 0.42 3.93 0.70 0.15 
MEK 0.25 0.10 0.12 0.14 0.05 

Tot a1 2.93 0.96 6.93 1.82 0.44 

Component Head 2 Creek V i  t r a i n  Ourai n - 

As shown i n  Table 111, a speci a1 experiment was performed us ing a 90-10 mole% 
mixture of water-carbon rmnoxide t o  e x t r a c t  I nd ian  Head l i g n i t e  a t  383OC and 3300 
ps ia .  The purpose of t h i s  experiment was t o  determine what e f fects  t h e  add i t i on  of 
a rediici ng gas such as CO has on t h e  molecular canposi t ion of t h e  ext ract .  The 
conversion ard y i e l d s  obtained were s i m i l i  a r  t o  those obtained f o r  an experiment 
us ing  pure water under s i m i l a r  condi t ions.  

Results Fran Analysis of Supercri t i c a l  Water Residues and Ex t rac ts  

Proximate and u l t i n a t e  analyses of selected residues and ext racts  from 
s u p e r c r i t i c a l  water  and t h e  o r i g i n a l  I n d i a n  Head a r e  shown i n  Table V. The 
proximate analys is  i ndi cates t h a t  t h e  supercr i  t i c a l  water ex t rac t  conta i  115 a 
s i g n i f i c a n t l y  h igher  f r a c t i o n  of v o l a t i l e  mat ter  wh i l e  t h e  residue contains a 
s i g n i f i c a n t l y  lower  f r a c t i o n  o f  v o l a t i l e  matter than t h e  o r i g i n a l  Ind ian Head. The 
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u l t i m a t e  analysis shows t h a t  t h e  ex t rac t  had a lower C/H r a t i o  than t h e  o r i g i n a l  
I n d i a n  Head whereas t h e  res idue had a h i g h e r  C/H r a t i o  than t h e  o r i g i n a l  I nd ian  
Head. These analyses i n d i c a t e  t h a t  t h e  hydrogen-rich, lower  molecular  weight 
p o r t i o n  of t h e  l i g n i t e  i s  being ext racted whi le  leav ing a h i g h l y  carbonacews 
residue. 

The analyses a l so  i n d i c a t e  t h a t  t h e  mineral mat ter  i s  concentrated i n  t h e  
res idue whi le  a r e l a t i v e l y  ash-free ex t rac t  i s  obtained. Table V compares t h e  
prox imate and u l t i m a t e  analyses of t h e  residues and ex t rac ts  f o r  runs us ing 
s u p e r c r i t i c a l  water and t h e  s u p e r c r i t i c a l  w a t e r 4 0  mixture. The C/H r a t i o  i s  
s u b s t a n t i a l l y  lower  f o r  t h e  run us ing t h e  H20-CO mix tu re  which suggests t h e  poss ib le  
add i t i on  of HE, r h i c h  was generated by t h e  water-gas s h i f t  react ion,  t o  t h e  ex t rac t .  

Thermogravimetric analyses were performed i n  argon on samples of t h e  o r i g i n a l  
coa l  and s u p e r c r i t i c a l  water residues us ing a heat ing r a t e  of 20°C/min. and a f i n a l  
temperature of 900OC. The weight - tenperature p r o f i l e s  i nd i ca ted  t h a t  x.20 w t %  of t h e  
s u p e r c r i t i c a l  residues were v o l a t i l i z e d  wh i l e  approximately 41% of t h e  o r i g i n a l  coal  
would v o l a t i l i z e  under t h e  sane condi t ions.  The d i f f e r e n t i a l  weight 105s curves f o r  
two s u p e r c r i t i c a l  water residues and t h e  o r i g i n a l  I nd ian  Head l i g n i t e  are shown i n  
F i g u r e  4. This f i g u r e  i nd i ca tes  t h a t  s u p e r c r i t i c a l  water  has ex t rac ted  most of t h e  
compounds which would d e v o l a t i l i z e  below -.55OoC, thus, concentrat ing t h e  h ighe r  
molecular  weight ma te r ia l  i n  t h e  residue which r e s u l t s  i n  t h e  h ighe r  d i f f e r e n t i a l  
weight 105s curve a t  temperatures above 55OOC. 

Analysis of a s u p e r c r i t i c a l  water  ex t rac t  was c a r r i e d  out us ing chranatographic 
separations, i n f r a r e d  (IR), and nuc lear  magnetic resonance (NMR) spectroscopy. The 
e x t r a c t  was separated i n t o  th ree  f r a c t i o n s  by shor t  column chranatography on s i l i c a  
gel. The f i r s t  f r a c t i o n  was separated by successive e l u t i o n  w i th  pentane and then  
isooctane. This f r a c t i o n  was found t o  make up approximately 5% o f  t h e  ex t rac t  and 
t h e  NMR spect ra showed t h a t  t h i s  f r a c t i o n  consis ted on ly  of a l i p h a t i c  mater ia ls .  
Th i s  f r a c t i o n  was analyzed by c a p i l l a r y  column gas chrmatography and was found t o  
con ta in  a ser ies of alkanes and alkenes i n  t h e  range o f  C-18 t o  C-34. The presence 
o f  t h e  alkenes i nd i ca tes  t h a t  thermal crack ing i s  occurr ing but  t h e  r e l a t i v e  amounts 
o f  t h e  alkanes a l t e r n a t e  as t h e  carbon chain increases i n  t h e  ser ies,  h i c h  suggest 
t h a t  the cracki ng was mi nimal, perhaps confined t o  reactions near t h e  ac id  o r  es te r  
f unc t i on .  Also, t h e  predominance of t h e  odd-number chains and t h e  h i g h  
concentrat ion of C02 i n  t h e  product gas i n d i c a t e  t h a t  a s i g n i f i c a n t  amount of 
decarboxy lat ion was occu r r i  ng. 

The second f r a c t i o n  was separated by e l u t i o n  w i t h  methylene c h l o r i d e  and was 
found t o  make approximately 26% of t h e  ext ract .  Some i d e n t i f i e d  i n d i v i d u a l  
hydrocarbons i nclude phenanthrene, f luorene,  anthracene, pyrene, benzofluorenes, and 
f luoranthene. The NMR spectrum shown i n  F igu re  5 a lso suggests t h e  poss ib le  
presence of es te r  groups between 3.8 and 4.0 ppm. The l a s t  f r a c t i o n  was obtained by 
e l u t i o n  w i t h  methanol and was found t o  make up t h e  m a j o r i t y  (&9-70%) of t h e  
ex t rac t .  The NMR and IR spect ra on t h i s  f r a c t i o n  i n d i c a t e  t h e  presence of phenolics 
and long chain a l i p h a t i c  acids. 

Table V I  shows some of t h e  i n d i v i d u a l  coal-derived canpounds which have been 
i d e n t i f i e d  and t h e i r  approximate y ie lds.  These y i e l d s  i nd i ca tes  t h a t  t h e  i d e n t i f i e d  
phenol ics  cons t i t u ted  a smal l  f r a c t i o n  ( f r a n  -2.9% t o  0.8%) o f  t h e  s u p e r c r i t i c a l  
water ext racts .  The dependence of phenol y i e l d s  i n  t h e  e x t r a c t  on coal type i s  
not iceable wi t h  t h e  Wyodak subbi tumi nous coal genera l ly  yi el d i  ng h igher  
concentrat ions of phenols i n  t h e  ext ract .  The d i s t r i b u t i o n  of t h e  i n d i v i d u a l  
phenols i s  e s s e n t i a l l y  i d e n t i c a l  f o r  t h e  th ree  coals, i n d i c a t i n g  t h a t  they o r i g i n a t e  
from the same type of subs t ruc tu re  i n  t h e  coal and t h a t  t he  react ions r h i c h  re lease 
them during s u p e r c r i t i c a l  water  e x t r a c t i o n  must be i d e n t i c a l .  Thus, t h e  r a t i o  of 
t h e  phenol y i e l d s  i n  t h e  t h r e e  coa ls  must r e s u l t  frm d i f f e r e n t  amounts of t h e  
subs t ruc tu re  i n  t h e  coals  (probably i n  t h e  same r a t i o ) .  
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TABLE V I .  
i n  Supercri t i c a l  Water Ext racts  Obtai ned a t  380°C and 4013 ps ia  

I d e n t i f i c a t i o n  and Determination o f  Yields f o r  Ind iv idual  Compounds 

Ind ian Head 
% Y i  el ds (mcf) 

I n  I n  
Compound Extract  

Methanol 
Acetone 
Acetoni tri l e  
Methyl Ethyl Ketone 
Propi oni tri l e  
Catechol 

Phenol 
o-cresol 
m-cresol 
p-cresol 
2.6-diMePhe 
2-EtPhe 
2,4-di MePhe 
2,5-di MePhe 
2,3-diMePhe 
4-McGuai gcol 
2,4,6-tri MePhe 
2,3,6-tri MePhe 
2,4,5-tri MePhe 

4-Indanol 
5-Indanol 

2,3,5,6-tetraMePhe 
1-Napthol 
2- Na p t  hol 

Tot a1 

ND 
ND 
NO 
ND 
ND 
NO 

0.028 
0.022 
0.030 
0.030 
0.002 
0.002 
0.013 
0.019 
0.009 
0.010 
0.007 
0.001 
0.004 

0.009 
0.001 
0.002 
0.009 

0.198 

t 

Water 
0.649 
0.607 
0.001 
0.160 
0.034 
0.202 

0.362 
0.101 
0.110 
0.118 

NO 
ND 
NO 
NO 
NO 
NO 
NO 
ND 
ND 
NO 
NO 
ND 
ND 
ND 

2.343 

Wyodak 
% Yields (mcf) 

I n  I n  
Water - Extract  

FID 
NO 
ND 
ND 
NO 
ND 

0.075 
0.062 
0.067 
0.007 
0.034 
0.045 
0.045 
0.018 
0.018 
0.003 
O t  

0.003 
0.006 
0.007 
0.012 
0.003 
0.006 
0.018 

0.426 

0.113 
0.538 
0.001 
0.170 
0.005 
0.151 

0.340 
0.104 
0.094 
0.122 

ND 
ND 
ND 
ND 
ND 
ND 
NO 
NO 
ND 
ND 
ND 
NO 
ND 
ND 

1.638 

Mart in  Lake 
% Y ie ld  (mcf) 

I n  I n  
Extract  Water - -  

ND 
ND 
ND 
ND 
ND 
ND 

0.026 
0.020 
0.024 
0.022 

0.010 
0.017 
0.006 
0.006 

0 

0 
0.020 

0 
0.012 

t 

t 

t 
t 

0.012 

0.155 

0.421 
0.568 
0.005 
0.176 
0.020 
0.157 

0.167 
0.049 
0.049 
0.059 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

1.670 

t - t race 
ND - not  detected 

t 
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F i g u r e  1. Flowsheet f o r  t h e  

Recovered 
Solvent 

senicontinuous supercri  t i c a l  s o l v e n t  e x t r a c t i o n .  

F igure  2. E x t r a c t i o n  t i m e  and f l o w  r a t e  e f f e c t s  on s u p e r c r i t i c a l  water  e x t r a c t i o n .  
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F i g u r e  3. E f f e c t  of operat ing pressure  and t m p e r a t u r e  on conversion of I n d i a n  Head 
l i g n i t e  w i t h  s u p e r c r i t i c a l  water.  

.n .I) 

F i g u r e  4. D i f f e r e n t i a l  weight  loss curves f o r  two s u p e r c r i t i c a l  water  residues and 
t h e  o r i g i n a l  c o a l .  
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obtained a t  380°C and 3265 ps ia .  
Figure 5 .  200 MHz proton NNR of three fractions of a supercrit ical  water extract 
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